Selective changes were found in the constitutive enzymes of the host cell following infection of chick embryo fibroblast cells with Semliki Forest virus. The changes were limited to soluble dehydrogenases involved in pathways of glucose catabolism. Changes were also found in nucleotide levels which, along with the enzyme changes, suggested that glucose catabolism was stimulated in the virus infected cells. The enzyme changes were prevented by pretreatment of the cells with actinomycin D.
INTRODUCTION
Although considerable progress has been made in the study of virus protein and nucleic acid synthesis in infected cells, much less is known about the basis of change in host cell metabolism. Koppelman & Evans (I959) have shown a requirement for glucose for virus growth. In the case of influenza virus this has been shown to be related to a stimulation of the aerobic respiration of the host, inhibitors of which inhibit virus growth (Smith & Kun, 1954; Fisher & Ginsberg, 1957; Green, Henle & Deinhardt, 1958 ) . Klemperer (I961) suggested that in influenza infection the stimulation of host cell respiration is brought about by a more rapid reoxidation of NADPH.
In an attempt to investigate the effects of Semliki Forest virus (SFV) infection on the intermediary metabolism of chick embryo fibroblasts (CEF), a study was made of constitutive enzyme changes in the host cell following infection, and of the effects of actinomycin D pretreatment on these changes. In addition, the concentrations of adenine and pyridine nucleotides were determined in the host cell as nucleotides have been proposed as regulators of intermediary metabolism (Atkinson, 1968) .
METHODS

Materials. Substrates and coenzymes used in this investigation were obtained from
Boehringer (Mannheim) and Sigma (London). Actinomycin D was a gift of Merck, Sharpe and Dohme.
Growth of cells. Confluent monolayers of primary chick embryo fibroblasts were grown as described by Walters, Burke & Skehel (1967) and Skehel & Burke (1968) . Large-scale suspension cultures of CEF cells were grown following the method of Zwartouw & Algar (1968) as modified by Kennedy & Burke (1972) .
Growth of virus.
The virus stocks were assayed by plaque assay, and cells were infected at an input multiplicity of 5 p.f.u./cell. The replication of the virus was followed during the course of the experiment by measuring the activity of lactate dehydrogenase (LDH) released into the growth medium (Cassells, 1973 dishes by gentle suction, the layer was washed in physiological saline and the cells harvested with the aid of a rubber policeman. The cells, approximately I2o x I@/Petri dish, were transferred to Io ml centrifuge tubes and gently resuspended in IO ml physiological saline. The cells were sedimented at 6oog for Io min, the supernatant fluid was removed and the wash repeated twice. Assay of LDH in the washings indicated negligible cell damage. After the final wash the cells were resuspended at a concentration of I2O x io 8 cells/ml of the buffer appropriate to the assay (see below). The cells were disrupted by two cycles of freezing at -70 °C followed by thawing at 25 °C.
Enzyme assays. The assay volume was 3 ml. In the case of the pyridine nucleotide dependent enzymes, the unit of enzyme activity was defined as that which brought about a change of o.oI]min in the E366 measured in the assays described below. In the case of acid phosphatase activity the unit was defined as a change of o.oI/min in E405.
Glutamate dehydrogenase (EC I. 4. I. 2) (GDH). The assay contained Ioo #-mol of triethanolamine, pH 8-o, 8#-mol EDTA, 0"32 m-mol ammonium acetate, o.6/z-mol NADH and 2o'5 #-mol e-ketoglutarate.
Malate dehydrogenase (EC I. I. I. 37) (MDH). The assay contained o'3 m-tool phosphate, pH 7"4, 3"75 #-mol aspartate, o.6 #-mol NADH and 5 #g glutamic-oxalacetic transaminase (EC 2.6. I. I).
Lactate dehydrogenase (EC I. I. ~. 27) (LDH). The assay contained 15o #-tool phosphate, pH 7"5, o'9 #-mol pyruvate and o'45 #-tool NADH.
Isocitrate dehydrogenase NADP-specific (EC I. I. 1.4 z) (ICDH). The assay contained 25o #-tool imidazole, pH 7"6, Io/z-mol magnesium chloride, ~'5 #-mol NADP and 8o #-mol isocitrate.
Isocitrate dehydrogenase NAD-specific (EC I. I. I. 41) (ICDH). The assay was identical to that for the NADP-dependent enzyme except for the addition of io #-mol ADP, and replacement of NADP by NAD.
Glucose-6-phosphate dehydrogenase (EC I. I. 1.49) (G-6-PDH). The assay contained I25/z-mol triethanolamine, pH 7"6, 2o#-mol magnesium chloride, 2"5 #-mol glucose-6-phosphate and I-5 #-mol NADP.
Aldolase (EC 4. I. z.b) (ALD). The assay contained 13o/z-mol collidine, pH 7"4, o'75 /~-mol monoiodoacetate, I/z-mol NADH, 7"5 #-mol fructose-1,6-diphosphate and 2o/zg each of glutamate dehydrogenase (EC 1.4.1.2 ) and triosephosphate dehydrogenase (EC
5.3.I.I).
Hexokinase (EC 2. 7. I. I) (HK). The assay contained I25 #-tool triethanolamine, pH 7"6, zo #-mol NADP, 2o #-tool magnesium chloride, 0"7 m-mol glucose, 2 #-mol ATP and o.2 #g glucose-6-phosphate dehydrogenase (EC I. I. I. 49).
Acidphosphatase (EC 3. I. 3. a) (Acid Pase). The assay contained, in a volume of I ml, IOO #-mol of citrate, pH 5"6 and 18/t-mol of p-nitrophenylphosphate. The assay was incubated at 25 °C for 5 min and then 2 ml of 0"5 N-NaOH was added. The unit of activity was as defined above.
Extraction and assay ofpyridine nucleotides. Pyridine nucleotides were extracted by the method of Heber & Santarius (I965) . Reduced nucleotides were extracted by heating the cells for z min at 85 °C in o. I N-NaOH followed by rapid cooling in ice and neutralization with NaH~PO4 to pH 7"6. Oxidized pyridine nucleotides were extracted at 25 °C for 5 rain in 0"5 N-perchloric acid followed by neutralization with 0"5 N-NaOH.
Pyridine nucleotides were assayed by the enzymic cycling method of Slater & Sawyer 0962) as modified by Heber & Santarius (i965) .
Extraction and assay of adenine nucleotides. The adenine nucleotides were extracted in 6 
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perchloric acid for 5 min followed by neutralization with o'5 N-KOH (Scholtissek, I967).
Assay of AMP and ADP.
For the determination of ADP the cuvette contained 2oo/*-mol of triethanolamine, pH 7"6, 28o #-tool of triethanolamine, pH 7"6, 28o #-tool K~COa, I'5 #-tool phosphoenolpyruvate, o-2 m-mol KC1, 6o #-mol MgSO4, o.6/~-mol NADH and extract in a total volume of 3 ml. To this was added 2o #g of lactate dehydrogenase (EC I. I. I. 27) and 2o #g phosphoglycerate kinase (EC 2.7.2.3). The equivalent of ADP was calculated from the changes in Ea40. AMP was assayed in the same cuvette by the addition of 4o #g of myokinase (EC 2.7.4.3) and once more measuring the change in Ea40.
ATP assay. The extract containing ATP was added to a cuvette containing the following: 25o#-mol triethanolamine, pH 7"6, IO/~-mol MgSO4, 15 #-mol glycerate-3-phosphate, o.6 #-tool NADH, 2oo #g glyceraldehyde-phosphate dehydrogenase (EC ~.2. t. ~2) and 5o #g phosphoglycerate kinase (EC 2.7.2.3) in a volume of 3 ml. The ATP concentration was proportional to change in E3~ 0.
RESULTS
Enzyme studies
A list of the enzymes studied is shown in Table ~ , together with the direction of change in extractable enzyme activity 5 h after infection. Two generalizations can be made about the enzymes studied; first, only the soluble NAD-and NADP-specific dehydrogenases changed significantly, all of them showing an increase in activity up to 5 h after infection. The pattern of change for LDH, ICDH-NADP and G-6-PDH are shown in Fig. ~ . Secondly, no changes were detected in the other soluble enzymes studied nor in the mitochondrial enzymes studied. The detection of measurable activities of mitochondrial enzymes in the extracts eliminates the possibility that the disruption method used failed to cause the release of mitochondrial enzymes. Results were not considered significant (ns) if they differed by less than zo ~ from the control value.
$ The enzyme units were those defined in the Methods section and are expressed as units/m 9 control cells. Fig. I shows the time course of changes in NADP-specific isocitrate dehydrogenase (ICDH-NADP), glucose-6-phosphate dehydrogenase (G-6-PDH) and lactate dehydrogenase (LDH) in the infected cells. The activities increased reaching a peak at 5 h after infection. After 5 h the activities began to decrease. It is possible that this may be explained by enzyme leakage from the cells (Cassells, 1973) . 
1
In order to determine whether the increases required host DNA-dependent RNA synthesis, the cells were treated with 0"5 #g/ml actinomycin D for ~ h prior to infection. The results of this experiment are given in Fig. 2 where it is shown that actinomycin D treatment prevented the increase in extractable ICDH-NADP and G-6-PDH suggesting that the virus induced increases may be mediated via increased host messenger synthesis.
Pyridine nucleotide studies
The results of the pyridine nucleotide studies are shown in Table 2 . NAD shows a threefold increase in the infected cells at r h, decreasing to approximately twofold at 5 h. The NADH content decreased significantly at 3 and 5 h while the NADP content showed a small but not significant increase at 3 and 5 h. Finally, the NADPH content doubled at 3 h and remained at this level up to 5 h after infection.
Adenine nucleotide studies
The concentrations of AMP, ADP and ATP at 3 and 5 h after infection are shown in Table 3 -The high-energy charge ratio (Atkinson, I968 ) of the control cells at 3 and 5 h indicates that the method used for the extraction of adenine nucleotides resulted in little loss
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I39 of labile triphosphate (compare with the data of Colby & Edlin, I97O) . The total adenine nucleotide content of the infected cells decreased significantly, as did the energy charge ratio. There was a 45 ~ decrease in the ATP level at 3 h, while AMP and ADP did not change significantly. At 5 h after infection, the ATP content showed a significant decrease; the AMP and ADP concentrations increased significantly by 16o and 27 ~, respectively.
DISCUSSION
The results of this investigation of changes in the constitutive enzymes of SFV-infected CEF cells showed that all the cytoplasmic dehydrogenases studied, namely MDH, LDH, G-6-PDH and ICDH-NADP, increased in activity up to 5 h after infection. None of the mitochondrial enzymes, GDH, [CDH-NAD or acid-Pase, changed significantly; nor did the non-pyridine nucleotide-dependent cytoplasmic enzymes aldolase or hexokinase.
Workers studying nutritionally induced changes in constitutive enzyme levels in mammalian tissues have postulated that a change in enzyme level results in a corresponding change in the metabolite flow through the pathway with which it is associated (Fitch & (Stadtman, 1966; Lowenstein, 1969) . Finally, G-6-PDH is the first enzyme in the pentose phosphate pathway where it plays a regulatory role (Stadtman, 1966; Osmond & Ap Rees, 1969) . While consideration of the possible effects of compartmentalization must be borne in mind when interpreting nucleotide data (Gumaa, McLean & Greenbaum, 197 I) , it is proposed that the present findings reinforce the argument that the increases in extractable enzymes are a reflexion of increased glucose catabolism in vivo. Firstly, the increase in pyridine nucleotides are compatible with increased concentrations of soluble dehydrogenase holoenzyme. Secondly, the lower ratio of NADPH/NADP is in agreement with suggestions that NADP is rate limiting in the stimulation of glucose catabolism in virus infected cells (Klemperer, 1961) . The increased level of [CDH-NADP in the cells may be involved in maintaining this ratio. Kun, Ayling & Siegel (196o) have postulated a similar role for an NADP-dependent LDH in avian poxvirus infection. Thirdly, the change in the adenine nucleotide charge ratio of the infected cells is consistent with a metabolic shift towards an increased glucose catabolism (Atkinson, 1968 ) . The low level of ATP in the infected cells may reflect a demand for ATP for virus RNA synthesis.
In summary, the results of this study show that SFV infection of CEF cells results in selective changes both in the constitutive enzymes, their nucleotide coenzymes and in the nucleotide regulators of the intermediary metabolism of the host cell. In general this suggests that, depending on the extent of the induced changes in the constitutive enzymes of the host, the loss of metabolic integration may result in cellular death or modified growth pattern.
